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Available online 2 July 2011AbstractThis study examines the mass balance, accumulation, melt, and near-surface ice thermal structure of Irenebreen, a 4.1 km2
glacier located in northwest Spitsbergen, Svalbard. Traditional glaciological mass balance measurements by stake readings and
snow surveying have been conducted annually at the glacier since 2002, yielding a mean annual net mass balance of 65 cm w.e.
for the period 2002e2009. In 2009, the annual mass balance of Irenebreen was 63 cm w.e. despite above-average snow accu-
mulation in winter. The near-surface ice temperature in the accumulation area was investigated with automatic borehole therm-
istors. The mean annual surface ice temperatures (SeptembereAugust) of the accumulation area were 3.7 C at 1 m depth and
3.3 C at 10 m depth. Irenebreen is potentially polythermal, with cold ice and a temperate surface layer during summer. This
temperate surface layer is influenced by seasonal changes in temperature. In winter, the temperature of all the ice is below the
melting point and temperate layers are probably present in basal sections of the glacier. This supposition is supported by the
presence of icings in the forefield of Irenebreen.
 2011 Elsevier B.V. and NIPR. All rights reserved.
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Glaciers are widespread in Svalbard, covering over
60% of the archipelago (Hisdal, 1985). Systematic
studies of mass balance have been performed on
several Svalbard glaciers (Hagen et al., 2003; Jania and
Hagen, 1996; Sobota, 2000, 2005, 2007b, 2007c,
2007e; Zemp et al., 2008; Haeberli et al., 2009).
Glaciological research at Irenebreen, northwest Spits-
bergen, Svalbard, has addressed the following issues:
glacier melting, changes in snow thickness during
winter and summer, and temporal changes in the areaE-mail address: irso@umk.pl.
1873-9652/$ - see front matter  2011 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2011.06.003and location of the glacier tongue, mass balance, and
the near-surface ice thermal structure.
Estimation of the mass balance of Irenebreen has
involved repeated point measurements at the glacier
surface to determine the rates of summer ablation and
winter accumulation. This approach involves esti-
mating the local mass balance using ablation poles and
snow thickness measurements, supplemented with
studies of the snow cover in pits. The main aim of the
present research was to assess the nature of the
temporal variability and spatial structure of the mass
balance elements of Irenebreen.
A second aim was to take measurements in order to
define annual temporal variations of the near-surface
ice temperature in the accumulation area ofreserved.
Fig. 1. Location map of Irenebreen, Svalbard (Sobota and Lankauf,
2010).
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temperature, meltwater, and snow cover on the near-
surface ice thermal structure during both the summer
and winter seasons. Furthermore, temporal variability
in vertical profiles of the surface ice were analyzed; i.e.,
measurements of temperature were taken at 10 m depth
where the annual range in temperature is negligible and
compared with the mean annual air temperature. These
analyses have enabled the potentially thermal classifi-
cation of Irenebreen. Knowledge of the near-surface ice
thermal structure of this glacier is an important
contribution to studies of the mass balance of glaciers in
the Kaffiøyra region (Sobota, 2005, 2007e, 2009).
Until recently, the ice thermal structure of Ire-
nebreen was determined indirectly (Sobota, 2005,
2007c); i.e., based on detailed measurements of the
elements of the mass balance, in the context of our
knowledge of glacial zones, morphology, development
of the associated river network, glacier outflow, and
icings. Icings are commonly associated with high-
latitude glaciers. Large icings accumulate each winter
in front of many glaciers in Svalbard (Bælum and
Benn, 2011). Traditionally the presence of large
icings has been interpreted as evidence for warm-
based, polythermal conditions (Hagen et al., 2003).
2. Study area
Irenebreen is located in the northern part of Oscar II
Land, Kaffiøyra, northwest Spitsbergen (Fig. 1). Kaf-
fiøyra is a coastal lowland situated on Forlandsundet,
bordered to the north by Aavatsmarkbreen, which
terminates in Hornbaek Bay, and to the south by
Dahlbreen which terminates in the bay of the same
name. To the east, Kaffiøyra is bordered by seven
glaciers that descend from the Prins Heinrich and
Jacobson Mountains; from north to south, these are
Waldemarbreen, Irenebreen, Agnorbreen, Elisebreen,
Eivindbreen, Andreasbreen, and Oliverbreen (Fig. 1).
The glaciers are a dominant element in the landscape
of Kaffiøyra, covering an area of approximately
255 km2 (Lankauf, 2002).
Irenebreen is a valley glacier located south of
Waldemarbreen, flowing toward the Kaffiøyra plain.
The glacier is bordered to the north by the Gra˚fjellet
and Kristinefjell Range, to the east by the Prins
Heinrichfjell Range, and to the south by the Prinses-
serygen Range. Irenebreen is 4.1 km2 in area, 4 km
long, and 1 km wide at its frontal zone (Sobota and
Lankauf, 2010). The glacier has two significant accu-
mulation zones, from where ice masses flow and joininto a glacier tongue that moves to the southwest,
terminating at Kaffiøyra.
3. Methods
As part of the present study, direct measurements of
the mass balance of Irenebreen were taken between
2002 and 2009. This paper focuses on the mass balance
in 2009. Surface ablation was measured at 10 points on
the glacier every 7e10 days from July to September of
each year. All the ablation poles were inserted to
a depth of 10 m using a steam-driven Heucke ice drill
(Heucke, 1999).
Measurements of snow thickness were taken at
about 100 points in April or early May of each year
(Sobota and Grzes, 2008). Snow density, structure,
grain type, and hardness were measured in pits and at
representative points using standard methods (Colbeck
et al., 1990; Nakawo and Hayakawa, 1998) (Fig. 2).
Snow thickness and surface density were also
measured during the summer season.
The net balance was obtained as the sum of inter-
polated local balances in successive elevation bands;
i.e., the sum of summer ablation and snow accumula-
tion, supplemented by studies of snow cover in the pits.
Fig. 2. Locations of ablation stakes, snow pits, and the site (boreholes) for measuring the near-surface ice temperature on Irenebreen (a) and the
photograph of place with the near-surface ice temperature measurements point taken by I. Sobota (b).
329I. Sobota / Polar Science 5 (2011) 327e336The balance year adopted for this project lasted from
October to September of the following year (strati-
graphic system), including the entire accumulation and
ablation seasons. The direct measurement method,
employing ablation poles, remains the most precise
and most frequently used glaciological method (Kaser
et al., 2003; Østrem and Brugman, 1991).
To study the near-surface ice thermal structure of
Irenebreen, thermistors were installed on the glacier in
the summer of 2008 (Fig. 2). Temperature measure-
ments were made in 2008e2009 at point IT1 (see
Fig. 2) in the accumulation area of the glacier, at
depths of 1, 5, and 10 m. The thermistors automatically
register the ice temperature at 10-minute intervals,
with all the data being stored in a datalogger. The
accuracy and resolution of the thermistors are 0.2 C
and 0.03 C, respectively, with a measurement range of
40 C to þ75 C. The location of the measurement
site at IT1 was designed to enable investigations of the
thermal structure of the near-surface layers of Ire-
nebreen throughout the entire balance year. Air
temperatures were measured by an automatic device on
Waldemarbreen, located about 2 km from Irenebreen
(Fig. 1).
4. Results
4.1. Results of glaciological investigations
4.1.1. Summer balance
The areal extent of Irenebreen is small, as is the
altitudinal difference between the accumulation zones
and the ablation area. Nevertheless, there exists
a marked spatial variation in the amount of ablation
(Fig. 3). Every year, the highest ablation values wereobserved at altitudes below 250 m above sea level
(a.s.l.), generally in the northern part of the ablation
area. Lower amounts of ablation were recorded in the
south-central part of the glacier. The location of the
glacier at the foot of mountains means it is commonly
shaded, which influences the rate of melting. In addi-
tion, ablation shows a decrease between elevations of
400 and 450 m a.s.l., but shows an increasing trend at
higher elevations. This finding reflects the fact that the
glacier at elevations of 400e450 m a.s.l. is covered
with a considerable thickness of snow and slush year-
round. This isolation layer affects the amount of
ablation. In higher sections of the glacier (>500 m
a.s.l.), the amount of ablation slowed again (Fig. 3).
Temporal variations in ablation amount at Ire-
nebreen show a dependence on elevation. The greatest
variability was observed in the lowest parts of the
glacier, with the magnitude of variations decreasing
with increasing altitude.
The greatest snow thickness was recorded in the
glacier cirques at the beginning of July 2009, espe-
cially in the southern accumulation area (>100 cm,
locally > 120 cm). At the end of July, the snow
thickness had diminished over the entire glacier. By the
first week of August, snow had disappeared from most
of the glacier surface, and by the end of summer snow
was only found on the highest parts of the glacier and
at the mountain foot.
In summer, snow density decreases with increasing
altitude. The average surface snow density was
537 kg m3 on 11 July of 2009, 540 kg m3 on 21 July,
and 561 kg m3 on 28 July. Similar values were
recorded on Irenebreen during the summer season of
2006, when the average snow density was 540 kg m3,
significantly higher than in the winter, for which the
Fig. 3. Mass balance maps of Irenebreen for 2009.
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over the period 2002e2009.
The average ablation of Irenebreen varied from 90
to 135 cm w.e. during 2002e2009. In 2009, the total
ablation at Irenebreen was 128 cm w.e.
4.1.2. Winter balance
Irenebreen shows marked spatial variation in winter
balance, as well as significant changes in the features and
characteristics of snow cover over different years (Grzes
and Sobota, 2000; Sobota, 2005, 2007d, 2007e; Sobota
and Grzes, 2006, 2008). The spatial distribution of
winter balance on Irenebreen is heterogeneous (Fig. 3).
In 2009, the average snow density on Irenebreen at
point IT1 was 359 kg m3 in April and 516 kg m3 in
July. In 2009, the average snow density on Irenebreen
was 360 kg m3, and annual values for the years
2002e2009 varied from 346 to 378 kg m3. Similar
values have been reported for other Svalbard glaciers
(e.g., Michalev and Zinger, 1975; Miga1a et al., 1988;
Warren et al., 1999). Winther et al. (1998) reported that
snow density in Svalbard ranges between 310 and
450 kg m3, with an average value of 370 kg m3.
These values are similar to the average multi-annual
results for Irenebreen (361 kg m3).
In 2009, the winter balance of Irenebreen was
65 cm w.e., while the average winter balance of this
glacier for the period 2002e2009 was 54 cm w.e.4.1.3. Mass balance
In 2002e2009, the pattern of the net mass balance
of Irenebreen was highly variable (Sobota, 2000, 2005,
2007a, 2007b, 2007c; Sobota and Grzes, 2008)
(Fig. 3). The spatial pattern of the mass balance of
Irenebreen is influenced mainly by local weather
conditions and local morphology. In 2009, the net mass
balance in the ablation area of the glacier was up to
250 cm w.e. Some negative values were also obtained
for the selected parts of accumulation areas of the
glacier. In this year, the area with a negative net
balance was larger than that in previous years.
Whereas the mass balance of Irenebreen was similar
in the glacier’s lowest part in every year, large annual
differences were found in its upper parts. Therefore,
weather conditions and winter snow accumulation in the
upper part of the glacier must have controlled the
gradient of the net mass balance. At altitudes of
400e500m in the southern section of the glacier,melting
is more intensive than at immediately lower elevations.
As a result, the equilibrium line in this section was
slightly higher than in the northern section of the glacier.
The average altitude of the equilibrium line (ELA)
on Irenebreen for the years 2002e2009 was 431 m
a.s.l., while that in 2009 was 489 m a.s.l. The accu-
mulation area rate (AAR) for Irenebreen varied from
6% to 31% during the study period (2002e2009). The
mean net mass balance in 2009 was 63 cm w.e.,
331I. Sobota / Polar Science 5 (2011) 327e336similar to the average for the period 2002e2009
(65 cm w.e.).
The negative net mass balance of glaciers in the
Kaffiøyra region, as recorded in recent years (Sobota,
2005, 2007a, 2007b, 2007c, 2007e) influences their
geometry, resulting in a reduced surface area, lowering
of the glacier surface, and changes in the position of
the glacier front. Previous studies have investigated the
recession of the Kaffiøyra glaciers, including Lankauf
(2002), Bartkowiak et al. (2004), Grzes et al. (2008),
Sobota (2007d), and Sobota and Lankauf (2010).
During 1909e2009, Irenebreen lost 26% of its area; by
2009, the glacier had retreated by about 1300 m. The
average retreat rate of Irenebreen throughout the entire
analyzed period was 13 m a1. Between 2000 and
2009, the tongue retreated by 90 m and the glacier area
decreased by 2.3%, compared with 1909 (Fig. 4).
4.2. Temperature of surface ice layers
The near-surface ice temperatures of Irenebreen
change markedly throughout the year. At the end of the
summer (ablation) season, at 1 m depth in the accu-
mulation zone (point IT1) the mean daily ice temper-
ature was close to the melting point, and was higher
than the temperature of the underlying layers.
However, during winter, the ice temperature fell
significantly, with the minimum ice temperature being
5.9 C at 1 m depth, 4.5 C at 5 m depth, and
3.5 C at 10 m depth (Fig. 5).Fig. 4. Recession of Irenebreen, based on the map published by Lankauf (20
series of retreat and area change (b) from 1909 to 2009.The lowest mean monthly ice temperature at 1 m
depth in the accumulation area of the glacier was
recorded in May (5.8 C). At 5 m depth, the lowest
value (4.5 C) was recorded in June, while at 10 m
depth the lowest values were recorded in JulyeOctober
(3.4 C) (Fig. 6).
The largest difference between ice temperature in
the accumulation area at depths of 1 and 10 m (3.0 C)
was recorded in August, whereas the smallest differ-
ence (0.1 C) was recorded in November (Fig. 6).
During the winter months, ice temperature showed an
increase with increasing depth, due mainly to cooling
of the glacier surface. During the summer season, the
ice temperature increased with increasing depth, due
mainly to warming of the near-surface layers by solar
radiation, and by percolating meltwater.
In the accumulation area, the mean annual ampli-
tude of monthly ice temperature was 0.3 C at 10 m
depth, 1.8 C at 5 m depth, and 5.4 C at 1 m depth
(Fig. 7).
5. Discussion and conclusions
This study investigated the mass balance, accumula-
tion, melt, and near-surface ice thermal structure of Ire-
nebreen, where traditional glaciological mass balance
measurements, based on stake readings and snow
surveying, have been conducted annually since 2002.
The ablation of Irenebreen is influenced by local
conditions, such as the slope aspect, the locations of02) and GPS measurements (Sobota and Lankauf, 2010) (a), and time
Fig. 5. Temporal variations in daily near-surface ice temperature in the accumulation area of Irenebreen, and daily air temperatures for
2008e2009 (air temperature data from the Department of Climatology of Institute of Geography of Nicolaus Copernicus University).
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material on the glacier, and the system of supraglacial
streams. In all years of the study period, the highest
ablation values were recorded at altitudes below 250 m
a.s.l. The average summer balance of Irenebreen for
the period 2002e2009 was 119 cm w.e.
During the summer season on Irenebreen, the snow
cover disappears rapidly. As a result, at the end of the
ablation season, snow is only visible in the upper parts
of the accumulation zones of the glacier and at the foot
of mountain slopes.
Melting of the snow cover during the summer
season favors the development of different glacial
zones that have varying influences on the intensity of
summer ablation. Important aims of the present study
were to measure the thickness and spatial variability ofFig. 6. Near-surface ice temperature (C) in the acsnow cover during the summer season, identify the
different glacial zones, and calculate the rate of
ablation.
Despite its relatively small area, Irenebreen shows
marked year-to-year variation in the spatial distribution
of winter balance. The depth of snow cover is variable
over the glacier: in the accumulation areas, the main
factor influencing the depth of snow cover is precipi-
tation, whereas redistribution by wind is important in
the lower parts of the glacier.
The winter balance of Irenebreen was greatest in
2002 and 2009 (65 cm w.e.), and lowest in 2005
(41 cm w.e.). The average winter balance of Irenebreen
for the period 2002e2009 was 54 cm w.e. (Fig. 8).
In 2009, the net mass balance of Irenebreen was
63 cm w.e., similar to the mean multi-annual value.cumulation area of Irenebreen (2008e2009).
Fig. 7. Temperature profiles in the accumulation area of Irenebreen
(2008e2009).
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average in this year, the annual mass balance was
strongly negative, due to intensive ablation during the
summer season.Fig. 8. Mass balance elements of Irenebreen (a) aData on the near-surface ice temperature of Ire-
nebreen provide information on temporal and vertical
variability in the temperature of near-surface layers of
the glacier. Between September 2008 and August
2009, the mean annual ice temperature at 1 m depth
was 3.7 C in the accumulation area; at 10 m depth, it
was 3.3 C. In some years, zones of wet snow and
slush were observed at the accumulation area of Ire-
nebreen, indicating that the glacier is fed by meltwater,
which determines the thermal conditions of the near-
surface layers of the glacier.
An important influence on the temperature of near-
surface glacier ice is snow cover, which acts as an
isolation layer between the atmosphere and the ice.
Snow cover was observed at the measurement point
during almost the entire study period (Fig. 5). The
present results show the importance of air temperature,
meltwater, and snow cover as controls on the near-
surface thermal ice structure of the glacier.
In the accumulation area at 10 m depth, the mean
annual amplitude of monthly temperature was 0.3 C.
Similar values have been reported by Paterson (1971,
1981), Harrison et al. (1975), Hooke (2005), Jania
(1997), Zagorodnov and Arkhipov (1990), and
Sobota (2009), indicating that the near-surface
temperature of glaciers at 10 m depth does not
exceed 1 C.
It is difficult to classify a glacier in terms of thermal
type (Sobota, 2009) based solely on measurements,
which refer only to the near-surface layers of the
glacier; in addition, measurements of ice temperature
at shallow depth are insufficient for the classification of
complete ice masses. However, the thermal structure of
the near-surface layer of Irenebreen indicates that in
the summer season, the glacier’s temperature is close
to the melting point, and decreases with increasingnd cumulative balances (b) for 2002e2009.
334 I. Sobota / Polar Science 5 (2011) 327e336depth below the glacier surface. Throughout the rest of
the year, the near-surface layer of the ice is cold, and
the temperature increases downwards, possibly due to
the higher activity of meltwater percolation in the
accumulation area and the insulation provided by snow
cover.
Icings may indicate the thermal regime of a glacier.
They occur in the forefields of all glaciers in the
Kaffiøyra region (Bukowska-Jania, 2007; Grzes and
Sobota, 2000; Sobota, 2009). Icings in the forefieldFig. 9. Icings within the forefield areof Irenebreen were observed in 1938 (Klimaszewski,
1960) and in each year from 2002 to 2009 (Fig. 9).
Irenebreen is potentially polythermal, with cold ice
and a temperate surface layer, during summer. The
temperate surface layer is influenced by seasonal
changes in temperature. In winter, all of the ice is
below the melting point and temperate layers are
probably present in basal sections of the glacier. This
supposition is supported by the presence of icings in
the forefield of Irenebreen. A similar thermal regimea of Irenebreen (April of 2008).
Fig. 10. Deviations of the mass balance of Irenebreen from the mean value for the period 2002e2009.
335I. Sobota / Polar Science 5 (2011) 327e336has been reported for other Svalbard glaciers (e.g.,
Degard et al., 2007; Hodgkins et al., 1999; Jania et al.,
1996; Sobota, 2009; Willis et al., 2007).
Irenebreen had a negative mass balance for all years
in the period 2002e2009. Moreover, the tongue
retreated and the glacier showed a decrease in surface
area. However, there were some years with relatively
little change, such as 2008 (Fig. 10).
Temporal variations in mass balance at Irenebreen
are driven mainly by the mean air temperature during
summer. This strong dependence on weather condi-
tions confirms the notion that the mass balance of
Irenebreen is an indicator of climate change. The mass
balance of Irenebreen is especially important in this
regard because it is one of only a few long-term mass
balance records available throughout Svalbard (Hagen
et al., 2003; Jania and Hagen, 1996; Zemp et al., 2008;
Haeberli et al., 2009). Glaciological studies of Ire-
nebreen are an important component of estimating
recent changes in the cryosphere of the Kaffiøyra
region, which is representative for environmental
change in northwest Spitsbergen.
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